Introduction
Oxide-ion conductors are widely used in various important technological devices such as solid oxide fuel cells (SOFCs), oxygen sensors, oxygen pumps, oxygen separation membranes, etc. [1] [2] [3] [4] . In the past decade, there has been rapid progress on the research of oxide-ion conductors, driven by the requirements for new clean energy sources, sensors and so on [5] .
Recently, a new family of oxide-ion conductors based on the ferroelectric perovskite sodium bismuth titanate (Na 0.5 Bi 0.5 TiO 3 , NBT) was reported [6, 7] . High ionic conductivity was found in bismuth-deficient NBT, i.e., Na 0.5 Bi 0.49 TiO 2.985 , NB 0.49 T, which originates from oxygen vacancies generated according to the following Kroger-Vink equation
Furthermore, the highly polarisable Bi 3+ ions with their 6s 2 lonepair electrons and weak Bi\ \O bonds provide pathways with low diffusion barriers [6, [8] [9] [10] , which is beneficial for the migration of oxygen ions. The predominant oxide-ion conduction in NB 0.49 T has been confirmed by electromotive force (EMF) measurements, which show an ionic transport number t i N 0.9 at 600-700°C [6] . The calculations in Ref. [8] [9] [10] reveal the lowest migration barriers for oxygen vacancies occur in saddle points between two A-sites and a Ti-site when both Asites are Bi ions, whereas higher barriers are observed for A-site combinations of Na and Bi or 2 Na ions. The values vary with the distribution of the rest of the A-site sublattice. Experimentally, there is no evidence for long range order of the A-site cations in NBT and therefore the Bi-Na-Ti saddles points are considered to be the rate limiting step in the overall oxygen ion migration in undoped NBT. Further enhancement of ionic conductivity was achieved by doping Mg 2+ onto the Ti-site of NB 0.49 T, which generated more oxygen vacancies according to
2% Mg-doped NB 0.49 T (nominally Na 0.5 Bi 0.49 Ti 0.98 Mg 0.02 O 2.965 ) ceramics achieved a bulk ionic conductivity comparable to that of Gd-doped CeO 2 at temperatures b400°C [6] . The calculations performed in Ref. [9] have led to the suggestion that the ionic conductivity of NBT-based materials could be further improved by introducing suitable dopants on the A-site. The computational results showed that although acceptor-type B-site dopants such as Mg 2+ for Ti 4+ create oxygen vacancies they also significantly increase the oxygen migration barriers by binding with oxygen vacancies and therefore A-site acceptor doping is more promising to achieve high conductivity. For example, Na or K doped NBT, Na 0.5 (Bi 0.46 Na 0.04 )TiO 2.96 and Na 0.5 (Bi 0.46 K 0.04 )TiO 2.96 , according to the calculations can induce higher bulk conductivity than Mg-doped NBT at the same oxygen vacancy concentration. The enhancement of conductivity is attributed to the fact that the disordered A-site sublattice can form different local atomistic configurations to accommodate the electrostatic and strain fields of the dopants. The first principle calculations do provide guidance to the potential experimental doping strategies for NBT to enhance the oxideion conductivity; however, the A-site non stoichiometry in undoped NBT has been shown experimentally [6, 7] to be substantially below the compositions that was simulated in Ref. [9] . , Sr 2+ and Ba 2+ as doping ions for NBT from the IIA family but also to find dopant selection criteria and doping strategies to obtain yet higher bulk conductivity in NBT-based materials.
Experimental
Powders with nominal starting compositions of Na 0. for the other carbonates and 800°C for TiO 2 . Appropriate amounts of each precursor were weighed and mixed thoroughly in isopropanol using yttria-stabilised zirconia grinding media for 6 h. The mixture was dried at 85°C overnight, sieved and then calcined for 2 h at 800°C. The resultant powders were subjected to a second round of ball milling, drying, sieving and calcination, and finalised by a third round of ball milling and sieving. The final products were compacted into pellets by uni-axial cold pressing using poly vinyl alcohol (PVA) as binder. Pellets were embedded in sacrificial powder of the same composition and sintered at 1150°C for 2 h after evaporating the binder at 550°C for 2 h.
The density of sintered pellets was measured by the Archimedes' method. Phase purity was identified by X-ray diffraction on the crushed pellets using a high resolution STOE STADI-P diffractometer (STOE & Cie GmbH, Darmstadt, Germany) operating with CuK α1 radiation with a linear position sensitive detector. The crushed pellets were annealed at 400°C for 4 h to eliminate any residual stress caused by crushing and grinding. Lattice parameters were determined by structural refinement for reflections in the range of 10°≤ 2θ ≤ 100°using EXPGUI [11, 12] . Ceramic microstructure was observed by scanning electron microscopy on thermally-etched surfaces using a JEOL JSM-6010LA (JEOL LTd., Tokyo, Japan) SEM. Grain compositions were obtained by energy dispersive Xray spectroscopy (EDS) on polished samples (without thermal etch).
Electrical properties of the pellets were obtained from ac impedance spectroscopy using an Agilent E4980A impedance analyser (Agilent Technologies Inc., Palo-Alto, CA) and/or a Solarton 1260 system (Solartron Analytical, UK). Before measurements, Au or Pt paste was coated on the polished surfaces of the samples and fired at 800 or 900°C for 2 h to serve as electrodes. Impedance data were collected from 150 to 600°C with an interval of 25°C during both heating and cooling. The equilibrium time between measurements was 25 min. Impedance measurements were also carried out in N 2 , air and O 2 using Pt electrodes. All impedance data were corrected for the high frequency inductance by performing a short circuit measurement and normalised by a geometric factor (thickness/surface area). Equivalent circuit fitting was performed using ZView software (Scribner Associates, Inc., Southern Pines, NC). Oxygen-ion transport number measurements were performed using a Probostat system (NorECs Norwegian Electro Ceramics AS, Oslo, Norway). A sample was sealed onto an YSZ tube using a commercial glass frit. An oxygen partial pressure (pO 2 ) difference was created across the ceramic by flowing N 2 into the YSZ tube and leaving the outside of the ceramic in air. The pO 2 difference was monitored by measuring the voltage across the inner and outer electrodes on the YSZ tube. The voltage was measured using a Keithley 182 sensitive digital voltmeter.
Results

XRD, SEM
XRD patterns show all samples are phase pure (Fig.1) . Their structure could be refined to a rhombohedral cell (space group R3c). The lattice parameters obtained from Rietveld refinement are listed in (Fig.2) . The average grain sizes are also listed in Table 1 . Although XRD patterns suggest these ceramics are phase pure, SEM on polished surfaces show the presence of secondary phase (Fig.3 ). EDS analysis on these secondary phase particles indicates they are rich in Na and Ti, with a Na:Ti ≈ 1:3. It's possible that the secondary phase is Na 2 Ti 6 O 13 . Chemical compositions of the main phase of these ceramics are listed in Table 2 
Impedance spectroscopy
A typical complex impedance plane plot of these ceramics shows three arcs (Fig. 4a) . From high to low frequency (left to right), they represent the response from the grains (bulk), grain boundaries and electrode effects, respectively. An equivalent circuit of three resistorconstant phase elements (R-CPE) connected in series (inset figure) was used to fit the data. The impedance residuals, defined as Z residual = (Z measured − Z fitted ) /| Z measured |, are used to present the difference between the measured and fitted data. The impedance residuals are b 2% within the frequency range (Fig.4b) , indicating the validity of the selected equivalent circuit and giving confidence in the extracted resistance values. The impedance spectra of other samples show similar features. To avoid unnecessary duplication, they are not presented here.
Bulk conductivity values, σ, were calculated from the reciprocal of the resistance, and plotted in an Arrhenius format (Fig. 5a ). The σ-1/T relationship of undoped NB 0.49 T shows two regions; temperatures below~320°C with a higher activation energy (region 1) and temperatures above~320°C with a lower activation energy (region 2). The switching temperature is associated with the maximum in permittivity observed in dielectric spectroscopy measurements; however, the reason(s) for a change of activation energy around this temperature remain(s) unclear. The doped samples show similar features but present higher conductivities than the undoped sample. A maximum enhancement of bulk conductivity of~one order of magnitude is observed for Sr-doped NB 0.49 T in the low temperature region and more than half order of magnitude in the high temperature region. Bulk conductivities at selected temperatures and associated activation energies in the two regions are given in Table 3 for comparison. Although M 2+ doping increases the bulk conductivity, it also increases the activation energy. Impedance measurements were also carried out in flowing nitrogen, air and oxygen atmospheres. The bulk conductivity is independent of the oxygen partial pressure (pO 2 ), as shown in Fig.5b using 2%Sr doped NB 0.49 T as an example. The pO 2 -independent conductivity suggests the electrical conduction is predominately ionic over the limited T-pO 2 range investigated. The oxide-ion conduction mechanism is further confirmed by electromotive force measurement using N 2 /air, which shows an ionic transport number to be~0.95 at 600-700°C.
Stability in 5%H 2 /95%N 2
XRD patterns of 2%Sr-doped NB 0.49 T annealed in 5%H 2 /95%N 2 at various temperatures for 12 h are shown in Fig. 6a . An additional peak for Bi metal could be detected after annealing at ≥600°C, indicating that decomposition of the material was occurring. No additional reflection(s) were observed in XRD patterns for samples annealed at ≤550°C. Furthermore, impedance measurements were carried out on the pellet annealed at 550°C in H 2 . The M″-logf plot (measured at 200°C) is identical to that before annealing (Fig.6b) , which supports the evidence from XRD that 2%Sr-doped NB 0.49 T can be chemically stable and withstand 550°C in 5% H 2.
Discussion
Factors that influence bulk conductivity
Oxygen vacancy concentration
To achieve high oxide-ion conductivity the material should have a significant concentration of oxygen vacancies to facilitate charge carriers, as well as high oxygen ion mobility. When a divalent ion M 2+ is introduced to replace Bi 3+ in NB 0.49 T, oxygen vacancies are formed according to the following Kroger-Vink equation
Occurrence of the above reaction is confirmed by the significant change of the maximum permittivity (ε r-max) of NB 0.49 T after doping (Fig.7) . The bulk permittivity was calculated from equivalent circuit fitting parameters based on the high frequency bulk response with ε r = R
(1 − n) / n Q 1 / n / ε 0 [15] , where ε 0 is the vacuum permittivity 8.85 × 10 − 14 F/cm. The significant increase in ε r-max for the large and polarisable Ba 2+ ions in 2% Ba-doped NB 0.49 T and the significant decrease in ε r-max for the smaller and less polarisable Ca 2+ in 2% Ca-doped NB 0.49 T, together with the shift of the temperature at which the permittivity shows its maximum, T m , give evidence that the dopants are incorporated into the host lattice. The bulk conductivity of several NBT materials is plotted against oxygen vacancy concentration in Fig. 8 Table 2 . Therefore, the oxygen vacancy concentration calculated from nominal compositions is adequate for the purpose of ranking. It's clear that M 2+ -doping increases the oxygen vacancy concentration and thus enhances the bulk conductivity.
Ionic size of the dopant
At a fixed oxygen vacancy concentration, conductivity shows dependence on the ionic size of the dopant, as also revealed by Fig. 8 . The conductivity plotted against the ratio of the dopant ionic radius r(M 2+ ) to the host ionic radius r(Bi 3+ ) is shown in Fig.9 . The highest conductivity is observed for Sr-doped NB 0.49 T with r(Sr 2+ )/r(Bi 3+ )~1.05. Such an optimum r dopant /r host value of 1.05 is also observed in other perovskite such as LaAlO 3 [16] [17] [18] and LaGaO 3 [19] [20] [21] . Under the optimum r dopant /r host , there is minimum elastic strain in the host crystal lattice, which is believed to be beneficial for the migration of charge carriers [22] .
From a structural view point, ionic conductivity of perovskite-type oxides is often dependent on the tolerance factor, t, and specific free volume, V sf . t is determined by the ionic radii of the various ions as
where r A , r B are the mean ionic radii for A and B site cations and r O is the ionic radius of oxygen ion. A small t represents large lattice distortion and thus is detrimental to ionic conduction [23] . The specific free volume is defined as V sf ¼ ðV−∑V ion Þ=V [22] , where V is the unit cell volume and can be calculated using an empirical equation V = [2.37r B + 2.47 − 2.00(s − 1)] 3 [24] , where s is the reciprocal of t. A large V sf provides larger channels for oxygen ions to move and thus beneficial for ionic conduction. Hayashi et al. summarised electrical conductivity data from the literature and found an optimum t of~0.96 to obtain maximum conductivity in perovskites with low oxygen deficiency due to the balance between V sf and t [22] . In this work, the doping level is too low to have a noticeable influence on t and V sf , as shown in Table 4 . The contribution from any structural parameter to the enhanced conductivity can therefore be excluded.
Doping site
First principle calculation results suggest that doping site is important to the enhancement of conductivity of NBT. B-site doping increases the diffusion barrier by binding with oxygen vacancies and therefore decreases the mobility of charge carriers [9] . Here we compare the conductivity of A-site M , Sr 2+ or Ba 2+ at the A-site; however, the conductivity does not show much improvement. This is consistent with the first-principle calculation results that B-site doping may not be the most desirable mechanism for increasing the conductivity of NBT materials as it increases the diffusion barrier by binding with oxygen vacancies which decreases the mobility of charge carriers. However, it's not possible to make a concrete conclusion that A-site is superior to B-site doping based on the current experimental results. , will result in a higher conductivity.
Polarisability and bonding strength with oxygen of the dopants
It's accepted that the highly polarisable Bi 3+ ions and weak Bi\ \O bonds in NBT are critical to achieve high mobility of oxygen ions as ionic conduction occurs by a hopping mechanism through the saddle point (i.e., a triangle defined between two A-site ions and a B-site ion) in perovskites [6, [8] [9] [10] . Therefore, apart from ionic size, the polarisability and bonding strength with oxygen should also be considered when selecting dopants for A-site substitution. As listed in Table 5 , among the three dopants chosen for study here, Ba 2+ has the highest polarisability, however, it also has the highest bonding strength with oxygen. The competing effect from these two parameters, along with the large ionic size mismatch with Bi In summary, the bulk ionic conductivity of NB 0.49 T can be improved by doping M 2+ ions to substitute Bi
3+
. The enhanced conductivity is mainly attributed to the increased oxygen vacancy concentration. To achieve high conductivity, the dopant ion should not only have an optimum size mismatch with Bi 3+ but also have a large polarisability and a low bonding strength with oxygen to maintain high mobility of the charge carriers. Among the three group IIA dopants chosen, Sr
2+
shows the best performance. However, we propose that with increasing doping level, the effect from an increase in the oxygen vacancy concentration will be offset by low polarisability and high bonding strength with oxygen as compared to Bi
3+
, thus limiting further significant improvement in the bulk ionic conductivity. In addition, we predict the partial replacement of the highly polarisable Bi 3+ ion with its low bonding strength to oxygen by isovalent doping of La 3+ with a similar ionic radius but much lower polarisability and much higher bond strength, see Table 5 , will dramatically decrease the oxide-ion conductivity in NBT.
Comparison with other oxide-ion conductors
The bulk conductivity of NB 0.49 T and Sr-doped NB 0.49 T is compared with several best known oxide-ion conductors in Fig. 10 . At low Table 3 Bulk conductivity at selected temperatures and the associated activation energy values for NB 0.49 T, 2%Ca, 2%Sr and 2%Ba-doped NB 0.49 T ceramics. It also shows negligible degradation with time [31] on the contrary to the rapid degradation of bulk ionic conductivity of 20ESB and 8D4WSB [32, 33] . Furthermore, it has an advantage over stabilised δ-Bi 2 O 3 oxide-ion conductors as a more sustainable (rare-earth element free) material for low and intermediate temperature applications.
Conclusion
Partial replacement (2 at.%) of Bi 3+ with Ca
2+
, Sr 2+ or Ba 2+ on the A-site of NB 0.49 T improves the bulk conductivity up to~one order of magnitude without changing the conduction mechanism. The enhanced conductivity is mainly due to an increase in the oxygen vacancy concentration. Among the three dopants, Sr 2+ is the most effective in increasing the bulk conductivity and this is attributed to its optimum ionic size mismatch with the host Bi 3+ ions, its relatively high polarisability and reasonable bonding strength with oxygen ions. However, we cast doubt on further significant enhancements of the ionic conductivity by increasing M 2+ doping levels by partial replacement of Bi 3+ ions because the gain from an increase in the oxygen vacancy concentration will be off-set by the lower polarisability and high bonding strength of the M 2+ ions with oxygen. On the other hand, the conductivity enhancement may also be restricted by the low solid solution limits of dopants. Initial results with higher doping levels show additional XRD peaks from a Na, Ti-rich secondary phase for doping levels ≥4%. Further experimental work is being carried out in attempts to verify this suggestion and will be reported in detail elsewhere. Compared with other 'best known' oxide-ion conductors, Sr-doped NB 0.49 T shows superior ionic conductivity below 300°C and insignificant degradation in the intermediate-temperature range. Initial results show Sr-doped NB 0.49 T is stable under a reducing atmosphere of 5% H 2 /95% N 2 up to 550°C. Although the long-term stability under reducing atmosphere is yet to be investigated, the initial results show that if decomposition does occur it's not immediate and therefore presumably NB 0.49 T-based materials could be used as part of a bi-layer electrolyte, e.g., using gadolinia-doped ceria (GDC) as a buffer layer [34] . Therefore, NB 0.49 T-based oxide-ion conductors are promising for low and intermediate temperature applications. Further work is in progress to achieve higher conductivity via chemical doping and to understand the local structure-conductivity relationship(s) in NBT materials.
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